The study of immunodominance within microbe-specific CD8 T cell responses has been challenging. We used a previously undescribed approach to create unbiased panels of CD8 cytotoxic T lymphocyte clones specific for herpes simplex virus type 2, a pathogen with a complex genome encoding at least 85 polypeptides. Circulating herpes simplex virus type 2-specific cells were enriched and cloned after sorting for expression of the skin homing-associated receptor, cutaneous lymphocyte-associated antigen, bypassing restimulation with antigen. The specificity of the resultant cytotoxic clones was determined. Clonal frequencies were compared with each other and with the total number of cytotoxic clones. For each subject within the homing receptor-positive compartment, the CD8 cytotoxic response was dominated by T cells specific for only a few peptides. Previously undescribed antigens and epitopes in viral tegument, capsid, or scaffold proteins were immunodominant in some subjects. Clone enumeration analyses were confirmed in some subjects with dominance studies by using herpes simplex mutants, vaccinia recombinants, and͞or enzyme-linked immune spots. We conclude that among circulating cells expressing a homing-associated receptor, during chronic herpes type 2 infection, the CD8 T cell response becomes quite focused despite the presence of many potential antigenic peptides.
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cytotoxic T lymphocytes ͉ cutaneous lymphocyte-associated antigen ͉ lymphocyte homing receptors V irus-specific T cell receptor ␣␤ ϩ CD8 ϩ lymphocytes recognize short peptides derived from viral proteins. Large herpes virus genomes encode many potentially antigenic fragments. These agents cause chronic infections with periodic episodes of lytic replication. The immune response contributes to an equilibrium in which periodic viral shedding provides opportunities for transmission, but in which dissemination, organ system dysfunction, and malignant transformation are normally limited.
Herpes simplex virus type 2 (HSV-2) infects Ϸ22% of U.S. adults (1) and causes mucocutaneous genital ulcerations. CD8 T cells are a critical component of the response to HSV-2. The local infiltration of CD8 cells and HSV-2-specific cytotoxic T lymphocyte (CTL) correlates temporally with viral clearance (2) . Cross-sectional studies of HSV-2͞HIV-1-coinfected persons show the precursor frequency of virus-specific cytotoxic CD8 T cells is inversely related to the severity of HSV-2 disease (3) and HSV-2 shedding. j Therefore, there is interest in defining ''immunodominant'' CD8 T cell antigens in HSV-2 for natural history and vaccine research. Sercarz et al. (4) have defined immunodominant epitopes as those that account for the bulk of the global virus-specific CD8 T cell response on a cell number basis. We use this definition to study CTL responses to HSV-2. To isolate HSV-2-specific CD8 CTL without secondary restimulation with antigen, which could bias the relative abundances of epitope-specific lymphocytes, we used a strategy based on the expression of a tissue-specific homing-associated molecule. HSV-2 infects skin and genital epithelia. A determinant linked to cutaneous lymphocyteassociated antigen (CLA) (5) binds to E-selectin to assist lymphocyte trafficking to skin. Circulating HSV-2-specific CD8 T cells express CLA, bind E-selectin (6) , and also express CD28 (6) . We used these facts to enrich HSV-2-specific CD8 T cells from peripheral blood mononuclear cells (PBMC) and detailed the fine specificity of resultant CTL.
Materials and Methods
Subjects and Specimens. Subjects were HIV-1 seronegative, HSV-2 seropositive (7) for Ͼ1 yr, and were not taking anti-HSV therapy or experiencing symptomatic HSV at blood collection. Protocols were approved by the Institutional Review Board. PBMC were cryopreserved. Some subjects had daily sampling to detect HSV shedding (8) . HLA typing used genotypic or serologic methods (9) . Flow Cytometry. Cells were stained with tetramers of HLA B*0702 and VP22 49-57 (B7-RPR) followed by anti-CLA and anti-CD8 (Caltag) (6, 12) .
Results
Circulating HSV-2-Specific CTL Express CLA. To evaluate the hypothesis that HSV-2-specific CTL were preferentially present in the CLA ϩ fraction of CD8 ϩ PBMC, we evaluated sorted and polyclonally expanded CD8 ϩ , CD28 ϩ cells expressing either high or low levels of CLA and subsequently tested them for HSV-2-specific cytotoxicity. Virus-specific killing was observed only in CLA high cells (Fig. 2 , which is published as supporting information on the PNAS web site). In contrast, CLA low cells did not show detectable cytotoxicity at effector-to-target ratios of up to 50:1. The association of CLA expression and HSV-2-specific cytotoxicity was then examined by cloning sorted CD8 ϩ , CD28 ϩ , CLA high cells with a nonspecific mitogen. Among 10 consecutively studied HSV-2-infected adults (Table 4 , which is published as supporting information on the PNAS web site), HSV-2-specific CD8 CTL clones were derived from nine adults. Overall, 14.8% of clones from the CLA high fractions were HSV-2-specific. Within individual subjects, the range was 0-31.5% with a mean of 10.5% (Table 1) .
Data consistent with enrichment of HSV-2-specific CD8 T cells in the CLA-positive fraction of PBMC were also obtained by direct staining of PBMC. PBMC from HLA B*0702-positive HSV-2-infected persons, gated for CD8 and CLA expression, were analyzed for binding of tetramer B7-RPR (6). In one example (subject 5), among CD8␣ high CLA ϩ cells, 2.74% stained with tetramer B7-RPR (Fig. 1 ). CD8␣ high CLA Ϫ cells were 0.02% tetramer-positive. Among six HLA B7 ϩ ͞HSV-2-infected persons, between 0.42% and 2.74% of CLA high CD8 high lymphocytes stained with tetramer B7-RPR. Staining among CD8 high , CLA low lymphocytes was uniformly Ͻ0.05%. Taken together, these data indicate that HSV-2-specific CD8 CTL express CLA in persons with chronic HSV-2 infection.
Definition of HSV-2 CD8 T Cell Antigens and Epitopes.
To examine patterns of dominance in the CD8 CTL response to HSV-2, we determined the fine specificity of panels of HSV-2-specific clones. For subjects 1 and 2 (Table 1) , well growing CTL screen-positive clones were randomly selected for expansion (19) and detailed studies due to resource limitations. Clones restricted by HLA A*0201 or B0702 were checked with known epitopes in VP13͞14, VP22, ICP0, or glycoprotein D or B (6, 10, 12, 20, 21) . Some reacted with previously known epitopes ( Table  2 ), but these accounted for a minority of the CTL clones.
Epitope discovery for the remaining clones began with determining their HLA-restricting alleles. Clear evidence of HLA class I restriction was obtained (not shown), with a few exceptions (below). One or two restricting HLA class I alleles were detected per subject ( Table 2 ). As HSV-2 DNA fragments encoding previously undescribed antigens were uncovered (Table 3) by expression cloning (12, 18) , the remaining HLAappropriate clones were assayed with these fragments. As peptide epitopes were defined (below), clones with suitable HLA restriction were retested with relevant peptides.
Six previously undescribed CTL epitopes were discovered during the study of 36 clones from five subjects. In four cases, the initial positive HSV-2 genomic DNA library fragments contained portions of a single known HSV-2 ORF (Table 3) : UL7, UL25, UL46, or unique short part (HSV genome with ORF number) (US)6. In contrast, clone 8.2H1 (Table 3) reacted with a 1.35-kB genomic fragment containing part of gene US8, all of US9 and its promoter, and parts of US8.5 and US10 of frame or backward. Only US8, which encodes glycoprotein E, was active in cotransfection assays with HLA B*5701 (not shown). CD8 clone 5.1E4 (Table 3 ) reacted with 316-bp fragment in-frame both the UL26 and internally overlapping UL26.5 ORFs (22) . Each previously undescribed antigen was confirmed with a peptide (Table 2 and Fig. 3 , which is published as supporting information on the PNAS web site). For CD8 clone 3.F8 (Table  3) , truncation analysis reduced the antigenic region to UL7 amino acids 150-192 (not shown), followed by evaluation of overlapping 13-mer peptides in CTL assays. For the other clones (Table 3) , sequence data, HSV-1 and -2 reactivity, and HLA peptide-binding motifs allowed targeted syntheses of candidate peptides. Each CTL clone recognized a synthetic peptide at low concentrations, with 50% responses near 1 nM (Fig. 3) .
Two of the previously undescribed antigens were HSV-2 virion tegument proteins. Clone 6.E2 (Table 3) recognized VP11͞12 (23), the product of gene UL46. Clone 3.F8 (Table 3 ) and similar clones recognized the product of gene UL7 (24) . Two of the antigens were capsid or capsid-associated proteins. VP26, encoded by UL25 (25) , was recognized by CTL from two subjects. A protein in the capsid scaffold, encoded by UL26 or UL26.5, was also recognized. The scaffold is a framework for capsid assembly (25) . Other previously undescribed CD8 epitopes were in glycoproteins. Clone 2.2B9 reacted with glycoprotein D (22, 26) . Clone 8.2H1 recognized a peptide in glycoprotein E. CD8 responses to gE, UL46, UL7, scaffold (UL25), or capsid (UL26) proteins of HSV-2 are previously undescribed. Peptide sequences are in GenBank (accession no. NC001798).
Patterns of Antigen and Epitope Immunodominance. CD8 CTL responses were detected to a maximum of three antigens per person (Table 2) . For subject 4, each clone reacted with a single epitope in VP13͞14; this expansion was detected in this subject with direct tetramer staining of PBMC (6) . For subject 1, all 34 clones reacted with either VP13͞14 or ICP27 (see below). Subjects 2 and 3 both had the HLA B*1402 genotype and predominantly recognized UL7 and UL25 in the context of HLA B*1402. HLA B*1402-restricted responses were dominant: subject 3 had a single B*2705-restricted clone recognizing gD2. Two-thirds of the clones from subject 5 recognized VP22 49-57; this expansion was detected with direct tetramer staining of PBMC [0.6% of CD8 hi cells (6)]. Although the specificity of clones from subject 7 was not determined, all seven HSV-2-reactive clones were HLA B*37-restricted, consistent with an oligoclonal response, although it is possible that up to seven different peptides were recognized.
Immunodominance can also be studied within populations. HLA A*0201 is the most common HLA allele in most ethnic groups (27) . Among six HLA A2-positive persons, we detected reactivity with VP13͞14 amino acids 551-559 in three persons and clonal reactivity with 289-298 in two. Among three HLA B7-positive subjects, two had clones reactive with VP22 49-57 and one had an ICP0 743-751-reactive clone. Some subjects with the appropriate HLA alleles had no detectable responses to peptides restricted by these alleles. For example, neither subject 3 nor 7, both HLA A2-positive, had A2-restricted responses among 23 clones studied, and subject 7 had no HLA B7- restricted clones detected. Among other subjects, HLA A2 or HLA B7 dominated the response.
The relative immunogenicity of different structural and kinetic classes of HSV-2 proteins was compared within the population. Among 86 independent HSV-2-specific CD8 CTL clones derived by CLA-sorting, 45 (52.3%) recognized tegument, 15 (17%) recognized capsid, 3 (3%) recognized envelope glycoproteins, and 2 (2%) recognized scaffold proteins ( Table 2 ). An additional 11 (13%) recognized nonstructural immediate early proteins, either ICP0 or ICP27 (below). The specificities of 10 clones (12%) were not determined. All seven subjects analyzed had tegument-specific clones.
Immunodominance Studies with Bulk CTL Cultures. In selected subjects, we investigated the specificity of CLA ϩ HSV-2-specific CTL by using alternate assay formats. Bulk lymphocyte cultures derived from sorted PBMC were tested with target cells expressing, or failing to express, defined HSV-2 genes (Fig. 2 and Fig.  4 , which is published as supporting information on the PNAS web site, www.pnas.org). To isolate responses to VP13͞14, previously undescribed reagents were validated. VP13͞14-specific clones failed to lyse del47, a deletion mutant not expressing UL47, but recognized 47rev, a rescue virus (see Supporting Methods). The disruption strategy for UL47 risked disturbing proteins VP11͞12 and VP16, encoded by adjacent genes UL46 and UL48. VP11͞12-and VP16-specific T cell clones recognized the del47 and 47rev. Southern blots of restriction endonuclease-digested DNA (28) from cells infected with HG52, 47del, and rev47 gave the expected patterns with probes from UL46 and UL47 and eGFP (data not shown). Recombinant vaccinia expressing VP13͞14 (gene UL47) were specifically lysed (Fig. 4) by relevant CD8 CTL (12) .
For subjects 1 and 4, deletion of UL47 (VP13͞14) was associated with significantly decreased lysis of HSV-2-infected cells (Fig. 2) . Restoration of UL47 restored lysis to wild-type levels. Bulk effectors also lysed target cells infected with vaccinia-VP13͞14. Target cells pulsed with a single peptide, VP13͞14 551-559, were recognized by bulk CTL from subject 4, in agreement with clonal analysis (Table 2) . Subject 1 showed significant lysis of cells infected with vaccinia-ICP27, consistent with clonal analysis.
Comparison of CLA-Expressing and -Depleted Responder Populations.
In previous work, bulk cultures and clones suitable for CTL assays required preliminary bulk expansion with HSV-2-infected cells as antigen-presenting cells (20, (29) (30) (31) . Our present approach, based on CLA expression, avoids this step. We compared whole and CLA-depleted PBMC responder populations directly ex vivo by using an IFN-␥ secretion readout. Flow cytometry documented Ͼ90% depletion of CLA ϩ cells among CD8 ϩ lymphocytes from each subject. Subjects were evaluated for responses to known HLA-appropriate epitopes by using ELISPOT with synthetic peptides. Reduction in spot-forming units͞10 6 responders, usually Ͼ50%, was observed after depletion of CLA ϩ cells for most subjects and epitopes (Table 5 , which is published as supporting information on the PNAS web site). Subdominant responses, which were not detected in the clonal enumeration of clones with CTL activity, were also detected.
Type Specificity of HSV-Reactive CD8 CTL. Among the previously undescribed CD8 T cell epitopes (Table 3) , one, HSV-2 UL46 amino acids 354-362, is identical in the analogous HSV-1 protein (32, 33) . Clones recognizing this epitope lysed both HSV-1-and -2-infected cells (data not shown). Every clone tested recognizing the other five previously undescribed epitopes (Table 3) , previously described epitopes (6, 12) , and ICP27-specific clones from subject 1 was HSV-2 type-specific. Among the seven HLA B*37-restricted CTL clones from subject 7, one was typecommon (not shown). Overall, one of nine precisely known HSV-2 CD8 epitopes and three of 86 HSV-2-reactive CD8 CTL clones described in this report were type-common.
Discussion
In this work, we use a previously undescribed one-step purification method, based on the expression of a skin homingassociated receptor, CLA, to enrich HSV-2-specific CD8 T cells. HSV-2 is in the subfamily Alphaherpesvirinae, a group with tropism for the skin. By using this strategy, we find a striking concentration, within the CLA-expressing subset of PBMC, of virus-specific CD8 CTL responses to just a few antigens and epitopes per subject.
The CTL we recovered by CLA sorting recognized diverse viral antigens. Responses to tegument proteins VP13͞14 and VP22 and the immediate early protein ICP0, observed in HSV-2-infected tissue (9, 12) , were confirmed in blood. Clonal recognition of ICP27 confirms work with bulk CTL (30) . Responses to structural envelope, capsid, and scaffold proteins were also observed. The UL25 gene product, VP26, is present at low levels (Ϸ40 copies) in mature capsids (25) . The protein products of the UL26 and UL26.5 genes are a complex polypeptide family (34) in the capsid scaffold. Analyses of HSV CD8 T cell antigens should therefore span the whole proteome.
By producing panels of independently derived CTL clones from several subjects and determining their fine specificity, we could study, within the CLA-expressing compartment, the frequency distribution of CTL precursors recognizing specific viral epitopes. In most subjects, only a few HSV peptides accounted for most of the circulating CTL precursors. For subjects 1 and 7, identification of peptide epitopes was not completed for each CTL clone, and it is possible that responses were diverse in these individuals. For subject 1, the observed response was spread over a minimum of four epitopes, but these occurred within two proteins (VP13͞14 and ICP27). Strikingly, two persons with the B*1402 allele, subjects 2 and 3, both displayed immunodominant B*1402-restricted responses to the same two epitopes among their CLA-positive blood lymphocytes. In this regard, HSV-2 may be similar to HIV-1, in which specific epitopes tend to be immunodominant in HLA B*1402-positive persons (35) .
CLA expression appears to be a common property of HSVspecific CTL: aggregate published (6) and current peptide, HLA restriction, and vaccinia data indicate that at least 13 HLA class I-restricted HSV-2 CD8 epitopes are recognized by circulating CLA ϩ cells. We cannot exclude that CLA-negative CD8 cells may recognize additional, unknown, and possibly immunodominant HSV-2 epitopes. Experiments with peptides or whole-ORF reagents covering the entire proteome will be required to address this question. CD28 expression was used as an adjunctive criterion for cell sorting (6) . The expression of CD28 by virusspecific CD8 T cells appears to vary among viruses (36) and can vary among epitopes and individuals (37, 38) . Further research is required to determine whether significant levels of CTL are present in CD28-negative cells.
Optimally, both the identity of immunodominant HSV-2 epitopes and their relative numerical prevalence in the circulation would be confirmed with more than one assay. The immunodominant epitopes detected among CLA-expressing cells by using clonal analysis and CTL readout were generally the same as those eliciting the largest responses in IFN-␥ ELISPOT. The CLA sorting͞CTL method is not as sensitive as IFN-␥ ELISPOT in detecting minor specificities (Table 5) . Although all CTL clones tested also secrete IFN-␥, we do not know whether the cells detected by IFN-␥ ELISPOT also have CTL activity.
Our data indicate that HLA genotype is not the most important factor in determining immunodominance. Within our group of HLA A*02-bearing persons, A*0201-restricted clones were commonly detected in some subjects, such as 1 and 4, but were not detected in subject 3 or 5. Similarly, B*0702 was internally dominant in subject 5, but no B*07-restricted clones were detected in the panel of CTL from subject 7. In animal models, several factors other than multihistocompatibility complex haplotype can influence immunodominance (39) (40) (41) (42) (43) . HLA haplotypes at the nonrestricting allele can influence the CD8 response (44) . Crossreactivity occurs between self HLA͞HSV-2 peptide and allogeneic HLA molecules (9, 20) ; self antigens may therefore modify the CD8 response to HSV-2.
The identification of immunodominant HSV-2 CD8 CTL antigens may have practical applications. HSV-2 causes serious infections (45) and may double the risk of HIV-1 acquisition (46) . A vaccine eliciting antibody and CD4 responses had only partial efficacy, limited to HSV-1 and -2 dually seronegative women (47) . Overall, our data indicate that in the context of chronic viral infection, CD8 responses specific for a limited number of epitopes and antigens become immunodominant among cells expressing a pathogen-appropriate homingassociated receptor, and that the specificity of the numerically immunodominant clones cannot be predicted from HLA typing. Further studies of possible correlations among homing receptor expression, abundance, and specificity of circulating HSV-2-specific CD8 cells exhibiting CTL or other functional activities and HSV-2 disease severity are required to fully justify vaccine strategies targeting CD8 responses. The methods and specificities in this report may contribute to these efforts. 
